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By It.G.Litian and H. J.

SUNU’W3Y

An investigationwas made to determine—

Hamjian

the pro~ertiesof a
boroncarbide-ironceramal. Thesepropertieswere ~omparedwith
the pro~efiiesof hot-pressedboroncarbide. me properties e~l-

uatedwere room-and elevated-temperaturemodulusof rupture,
resistanceto fractureby thermalshock,density,end oxitktion
characteristics.A studywas alsomade of themicrostructureof
the ceranal.

Microscopicexaminationshowedthe ceramalto be composed
of not lessthantwo phases: boroncarbide,and a solutionor
chemicalcombinationof ironand boroncarbide. Ceramalscon-
tainingmaterialsthatform a bondingphasemay possessdesirable
strengthpropertiesat temperaturesapproachingthemeltingpoint
of the metal.

The hot-pressedboroncarbidewas superiorto the ceramalin
modulusof rupture. A high percentageof the room-temperature
strengthwas retainedby the ceramalat 2600°l?,whichwas attrib-
uted to the high strengthof the carbidenetwork,strengtheningof
the ironby combinationwith someof the boroncarbide,or both.
The thermal-shockresistanceof boron carbidewas improvedbythe
additionof iro,n.At 16000l?,the resistanceto oxidationof the
ceramalwas betterthanthat of the ceramic;althoughbothmate-
rialsoxidizedrapidlyat 2000°17,theceramicwas superior. The
poor oxidationresistanceof the ceramalindicatedthat a pro-
tectivecoatingwouldbe requiredfor continuedoperationabove
1600°l?.

The boroncarbide-ironceremd has a low density(average
density3.24~/ml), which-givesit a additionaladvantagewhen
it is comparedwithmetalsor otherceramalson the basisof the
strength-densityratio..
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Designersof flight-propulsionunitsare currentlyseeking
materialsfor use in the temperaturerangefrom 18000to 2400°l?.
Suitablematerialsmust retaintheirs+rengthin thisrange long
enoughto ~ermitreasonableoverhaulperiodsand shouldbe resist-
ant to oxidationand to fractureby themal shock. Materialswith
high strength-densityratioare desirablefor use in rotating
parts. The alloyscurrentlyuseddo not operatesuccessfully
above1800°1?and it has becomenecessaryto considetimore refrac-
torymaterials,such as ceramics. It has beenfound that pure
ceramicbodiesare unsuitablefor thisuse becausethey do not
possessadequatethermal-and mechanical-shockresistance.Mix-
turesof ceramicand metal,ceramals$are thereforeof interest
becausethe metaladditionsto the ceramicimpartresistanceto
fracturebythennal and mechanicalshock (reference1).

A previousinvestigation(reference2) showedthatboron
carbideformsa bon&hg yhasewith iron,nickelsor cobalt. It
was hypothesizedthatmaterialswhichbond in thismannermay be
usedat tem~eraturesabovethe softeningtemperatureof the metal.
An investigationwas thereforeundertakenatthe NACA Lewislab-
oratoryto verifythishypothesisand to determinephysicalprop-
ertiesof a boroncarbide-ironceramalin the temperaturerange
that is of interestto designers.‘Ironwas selectedasthe metal
additionto boron carbidebecauseit is domesticallyabundant.

This investigationwas limitedto a studyof a singlecom-
positionbecauseof the difficultiesinherentin devisingfabri-
cationtechniquesfor materialsof this tne. All cerainalsyec-
imensused in this investigationwerefabricatedat the Lewis
laboratory-inorderthat the processx -r*bles COUldbe”closelY,
controlled.The choiceof a compositionfor tivestigationis, of
necessity,somewhatarbitrary. X&eviouswork on ceramals(refer-
ence3), however,indicatesthat the metal-richphasemust fill
the intersticesbetweenthe cezamicparticles. b orderto have
sufficientmetalpresent,.theamountnecessaryshouldbe calculated.
on a volumebasis. A titaniumcarbide-cobaltceramal,which has
aboutX5-percentmetalby volume(20-percentbyweight),has good
elevated-tem~era.turestrength(reference4) and good resistance
to fractureby thermalshock (reference5). On thisbasis,a boron
carbide-ironceramal,which containsapproximatelythis sameamount

. of metalby volume,was selectedfor investigation.The properties
evaluatedwere density,room-and elevate&temperaturemOauhs of
rupture,resistanceto fractureby thermalshock,and oxidation ,>

u
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resis%nce. For comparisonpurposes,pureboroncarbidein the
form of commerciallypreparedhot-pressedspecimenswas also
evaluated.

APPARATUSAND PROCEDURE

The resultsof extensiveunreportedpreliminaryexperiments
servesas the basisfor the choiceof the fabricationprocedures
uses.

Methodof l?abrication

Milling - The 6alcul.atedmolecularpercentageof boron car-
biae (B4C)ak the chemicalanalysisreporteaby the supplierare:

Calculate& Chemicalanalysis
(percent) (percent) . .

Boron 78.28 78.15
Carbon 21.72 21.60
Iron ‘ -----------

● 12 .

The B4C powaerin the form of 400mesh plusfineswas milleii
with hardeneilchrome-manganesesteelballsin an ~inch-diameter
mill operatedat 40 rpm for a perioaof 120 hours. The mill was
halffilleilwithhardened.steelballsaua sufficientboron carbiae
powaeradaedto fill the intersticesbetweenthem. Napthalenewas
aadeato fill themill to the nine-tenthslevel.

Previouse~rience at the Lewisl.aboratoryhas shownthat,
undertheseconditions,between35- and 40-percentironwouldbe “
pickeaup by the powaer&uring120 hoursof milling. The.addition
of ironto the boaiestivestigatedwas accomplishedin thismanner.
The chemical-lysis by weightpercentageof the boron’carbi&e-
ironceramalevaluateain this investigationis:

B I?e c Mn

48.90 36.40 X5.75 0.30

Upon completionof the millimgyerioa,the milledmaterialwas
filtereato removeexcessliquidand was air-driedfor 2 days. The
filteringand dryingoperationstended,to lumythe particles,so the
powderwas then screenetlthro~h a 200-meshscreento crumbleit for
compacting.

.— — ..-. .. ... .—..- —.—.-..- .—.—.—+ -.—....——.-. ——.—————= —— . _—._ ____ ._ .. .. . .__. - ._ _ . .
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compacting. - The processed owderwas pouredinto containers
?made of surgicalrubbertubing3 4 inch in diameter. Rubberstop-

pers cementedin the endswere u&edas seals. The cylider used-
for the hyhostatic pressingoperationwas made of 6140 steelhard-
endana drawnto RockwellC-52hardness. The specimenchamber

was l+ inchesin diameterand 8 incheslong. The outsidedimensions

of the cylinderwere diameter,5 inches,andlength,10 inches.
A 120,000-loundhydraulicpresswas usedto applypressureto the
chamber. The specimenswere compactedat a pressureof 10,000pounds
per squareinch.

.

Sinter@. - The furnaceusedfor sintering(fig.1) hada
graphiteresistancetubewith a 3-h_chinsidediameteranda 5-inch
outsidediameteras the heatingelement. The atmosphereof the
furnacewas driedoxygen-freeheliwmflowingat the rate of 40 cubic
feet yer hour,whichprcduceclapositive~ressureof approximately
2 tithesof-waterin the furnaceshell. Furnacetemperaturewas
controlledwith an automatic-recordingtotal-radiationoptical
pyrometer. The sightinglens of this instrumentwas locatedon the
top centersectionof the furnaceshell. The instrumentmeasured
the temperatureof the bottomend of the graphitesightingtube,
‘which”islocatedabovethe resistortube. Sensitivityof the con-
trol instrumentwas suchthat syecimentemperature,measuredwith
an opticalpyrometerby sightingthrougha quartzwindowmounted
in the door of the hading chsmberzvarieda ~ of +200 F.
Compactswere heatedto 1000°F in approximately2 hours,brought
up to the sinteringtemperatureof 3750°1?in an additional4 hours,
and heldat that temperaturefor lhour. On completionof the
heatimgportionof the sinteringcycle,powerto the furnacewas
cut off and the spectienaallowedto furnace-coolfor 16 to
20 hoursto approximately400°l?;theywere thenremovedfrom the
furnaceand air-cooledto room temperature.

,

.

Methodsof Evaluation

Modulusof rupture.- The s~ecimensusedfor mothilus-of-rupture
evaluationwere fo~ed by grindingthe cylinth’icalbodieslongitu-
dinally,usingdiaond-embecliiedgrtndingwheels. The finishedbars
were approximately1/4 inchthick,1/2 inchwide,end 3$ inches

long. The three-pointloadingapparatususedwith a l-inchspan
for room-temperaturemodulus-of-rupture-determinationis shownin
figure2.

—. ..— ——
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The elevated-temperatureshort-timemodulus-of-ruptureappa-
ratus (fig.3) consistedof a commercialglobarresistorfurnace
intowhicha lever-loadingsystemhad been incorporated.The spec-.
imenwas supportedon silicon-carbideknifeedges2 or 2$ inches

apart cementedto a refractorybrick. Ail lmifeedgeswere rounded
to a l/8-inchradiusto mimhnizestressconcentrationsat the con-
tactpoints.“Loadingwas accomplishedby runningwater intoa
containerhungfrom a leverarm supyortedby the upyer‘knifeedge,
whichwas locatedmidwaybetweenthe supportingknifeedges. The
syecimenswere loadedat ratesbetween750 and 1500poundsyer
squareinch~er minute.

As the specimenfracture”d,the loadingarm fell and actuated
a solenoidvalve,which shutoff the flow of water. Inaccuracyof
weighingcoupledwith errorcausedby the excessof waterthat
flowed.whilethe solenoidvalvewas closingintroduceda maximum
inaccm?acyof 1.2 percentin the measurementof load.

Evaluationswere conductedat1600°,2000°,2400°,and 260003’.
)?uruacetemperaturewas controlledto +10°F bya platinum-
platinum13-percentrhodiumthermocouplelocateddirectlybehind
the spectienand connected.to a self-balancingrecording-potenti-
ometer,whichregulatedpowerinputto the furnace.

Specimentemperaturewas measuredby a c@omel-alumelthermo-
couple(positionedon the centerof the specimen)at 16000j2000°,
and 2400°1?and with an opticalpyrometersightedon the centerof
the specimenat 2600°F. The differencebetweenindicatedfurnace
temperatureand specimentemperaturewas of the orderof 20°F.

Afterthe specimenwas placed.on the supportingknifeedges
in the furnace,not more than5 minuteswas requiredfor the spec-
imento heat to the evaluationtemperature.A perioaof 10 min-
uteswas allowedbeforeloadingwas startea,however,to insure
thatthe spectienhad reacheaequilibriumtemperatureconditions.
All motiulus-of-ruptureevaluationsweremade in an oxidizing
atmosphere.

Moilulus-of-rupturestrengthfor both room-temperatureanti
elevated-temperatureevaluationswas calcukteafrom the equation

()3ss=- 2 V*2

.

. - -------- -.. —-———-- _____ .. . . . .. ... ___________ -.-— .._ _.. _ _____________ ____ ._. _— .
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:

where

s modulus-of-rupturestrength,poundsper squareinch

P loadon s~ecimen(measuredloadtimesleverratio),pounds

a distance

w s~ectien

ii spectien

betweensupportingI=_dfeeWes, tithes . ~

width,inches “

thickness,inches

Thermalshock.- For eeyaluationof resistanceto fractureby
thermalshock,specimensbrokenin the room-temperaturemodulus-
of-rupturerunswere used. Thesepiecesweremade into specimens
approximately1/2 tichsquareby 1/4 inchthick. Wthis evalua-
tion,the syecimenwas heatedin a preheatedglobarelectricfur-
nace (heldat the evaluationtemperature)for 5 minutes,removed
from the furnacewith preheatedtongsat the end of the heating
period,and quenchedin an air streamat a temperatureof 72°F for
lminute. The air streemwas issuedfrom an airlinethrougha
nozzleof 1/8 inchdiameter,at a pressureof 100 poundsper square
inch. The nozzlenp located2 inchesfrom and directedtowardthe
centerof the”specimen.The specimenwas visuallyenmined.after
each shockcycle. I?resenceof a crackin the specimenconstituted
a failure. Spectienswere subjectedtothe cyclictreatmentuntil
failureoccurredor until25-cycleswere completedat1800°+100l?,
followedby successiveevaluationat2000°+lOO1?.

Densitymessmrements.- The messureddensityof each ceramal
specimenevaluatedwas determinedby use of the followingequation:

Ti8 p
P8 = (WS- w) +Ww

where

P8 measureddensityof syeci~nj g- Per ~lliliter ‘

w~ weightof spectienin air>gras.

P densityof water
milliliter

at temperatureof determination,gramsper

———-—
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w weightof specimenin water includingweightof wire, grams

WIT weightof wire in air used to susyendspecimenwhen weighed
tiwter, -s.

All weighingsusedfor this determinationwere performedon an
analyticalbalance. The individualvaluesare believedto be cor-
rect to within+0.01grsm per milliliter.

Densitiesof the specimenswere calculatedby assumingthat
a mechanicalmixtureof the ingredientsexisted. Constituents
otherthan ironand manganesewere assumedto be boron carbide.
The equationuseafor the calculationis

where

‘z
ac

Pc

ai

Pi

%

Pm

calculate fiensityof cers.malbotiy,gramsper

weightpercentageof boroncarbideaetezminea

milliliter

by difference

densityof boron carbiae,gramsper milliliter

weightpercentageof &on as aeteminea by chemicalanalysis

aensityof iron,grensper milliliter

weightpercentageof manganeseas cletermineiiby chemical
analysis

aensityof manganese,gramsper milliliter

Microscopicexamination.- Representativesyectienswere
selectedfor stuclyof the structureof the ceramal. The snectiens
were sectioned.usingdiamond-embeadeacut-offwheels,and the sur-
face was prepareafor examinationusingstandmdmetallographic
wheelsand diamondabrasives. Standardmetallographicmethoaswith
reflectealightwere usedfor the microstructurestudies.

Oxidationmeasurements.- Piecesfrom the moaulus-of-rupture
bars evaluated.at room temperaturewere useclfor oxi&tion &etermin-
ations. Thesespecimenswere measuretiwith a micrometerand then

.— . .. .. . —-.. . .. ..— ...————————.-. .. . . . ..— ---— —.——--———z- ._.-.+--=_ -.._. ..____..... ...—.___
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so ylacedon a refractorybrickwith V-shapednotchescut intothe
surfacethatthe specimenstouchedthe brickonlyat two lines.
The brickand specimenswere held’at1600°4=10°F h a globarfur-
mce for 24 hours. Afterthis exposurethe specfienswere removed,

. measured,and weighed. The specimenswere againplacedin the
furnacefor a periodof 72 hours. At the end of this period,the
specimenswere removedand weighed. The loss in weightper unit
timeoverthe 72-hour~eriodwas calculated.Afterthe 1600°1?
treatment,the specimenswere furtheroxidizedat 20000+lOoF for
24 hours. At the end of thisperiodthe specimenswere removed.
and weighed. The lossin weightper unit time over this 24-hour
periodwas calculated.

ItlEKILTSA%ODISCUSSION

Fabrication

The pocedure used b the fabricationof the boron carbide-
ironceramalswas arrivedat by evaluatingthe yhysicalproperties
of spectiensaftervariousfabricationprocedureswere triedma
by stud@ng the microstructureof representativespecimens.

Reference2 showsthatbondingtakesplacebetweenboron
carbideand ironat 3000°F and it was initiallyexpectedthat
stiteringwould takeplaceat thistemperajmre.Althoughthe
reactionbelmeenboron carbideand irontakesplaceat 3000°F,
a highertemperaturewas required,for the fabricationof a sound
body in orderto form a continuouscarbidenetworkwith the por-
tion of the boron carbidethat doesnot takepart in the reaction.
The bodiesap~earedsoftand powclerywhensinteredfor shorttimes
at temperaturesas highas 35000F. Specimensetiibitingthe best
strengthpropertieswere obtainedby sinteringat 3750°F for
1 hour. Figure4 showsthe microstructureof specWen 29BC7,
whichwas sjntered.at3750°F for 1 hour. Spectienssinteredat
highertemperatures,for whichno dataare reported,showedcar-
bide graingrowthand’wereweakerthan specimenssinteredat
3750°I?.

Evaluation

Modulusof.rupture.- The resultsof the modulus-of-rupture
evaluationsof the ceramds and
tablesI and II, respectively.

of the ceramicare presentedin
The trendsin moclulus-of-rupture

.
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strengthwith temperaturefor the two materialsare sho~m
ure 5. Peak strengthvaluesare used in this comparison,
it is assumedthat thesevaluesmore nearlyrepresentthe
potentialitiesof the experimentalmaterials.

9

in fig-
because
maximum

Strengthof the ceramaldeclinesslowlyas temperature
increasesfrca room temperatureto 240001?. The lossin strength
is approximately.one-fourth.overthisrange. At 260063?the mate-
rialhas lost lessthanhalf its room-temperaturestrength,even
thoughiron is veryweak at thistemperature.The high percentage
of strengthretentioncan yrobablybe attributedto: (a) strength
of carbidenetwork,and (b)strengtheningof the ironby solution
with someof the boron carbide.

Strengthof the boron carbidealso declinesslowlyin the
temperaturerangefrcm room temperatureto 2600°F. It can~e seen
fromfigure5 thatat all temperaturesthe strengthof the ceramic
exceedsthat of the ceramal. Possiblereasonsfor the lower
strengthof the ceramalare: (a)tendencyof the metaladdition
to preventthe formationof a homogeneouscarbidebody, instead
a carbidenetwork,whichundoubtedlyis weakeris formed;and
(b)presenceof the weaker (metal-rich)phase..

Reference2 showsthata bondingphaseis formedbetweeniron
and boroncarbide. The high percentageof strengthretatiedat
2600°F indicatesthat the bondingphasehas a highersoftening
temperaturethanthe irohaddedto the ceramal,but figure5 indi-
catesthat it is stillweakerthanthe ceramic. Thesedata ver~y
the hypothesisof reference2.

Thermalshock.- The thermal-shockevaluationindicatedthat
the resistanceto fnmhre by thermalshockof kot-pressedheron
carbideis improvedby the additionof iron. Two boron carbide
specimenswithstood3 and 9 cyclesat 1800°F, whereastwo ceramal
specfiens@thstood 25 cyclesat 1800°F and 7 anti15 cyclesat
2000°F. Theseresultsindicatethat,as-inthe ~se of the
titaniumcarbideceramal(reference5), the approximately15 per-
centby volumeadditionof metal yieldeda body thatwas superior
in resistanceto fracture’bythermalshockto the pure ceramic.
This improvementmay havebeen-achievedbythe alterationof such
physicalpropertiesas ductilityand thermalconductivity(refer-
ence 6).

Density.- Measureddensitiesof the ceramalspecimensare
listedin tableI. The maximumvariationh densityof the ceramals

.
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percent. The.Calculateddensity,
the constituentsare in the form of
milliliter,which is 3.7 gercent

higherth& the averagemeasured,detiityof 3.24 gmamsyer mini-
liter. This differencein densitycanbe attributedto: (a)for-
mationof a new yhasethat is.lowerin density,makingthe density
of the sinteredbody lowerthan that calcukted for a mechanical
mixture;or (b)yorosityin the specimencausinglowerdensity
specimenseventhoughthe new phasehas a densityequalto or
higherthanthat of the originalmiklmre.

The microstructureof the ceramal(fig.4), Ucates the
presenceof at leasttwo phases. The grayarea is the boron-
Carbiaematrix,the whitearea is the metallic~hase~ma the
blackspotsare believedto be eitherporesor voidscreated&.w-
ing yolishing.As previouslystated,the ironwas approximately
15 percentof the bodyby volume. This photograph,which depicts
an arearepresentativeof the ceramalsevaluated,showsmore than
15 percentof the bondingmaterialpresent. This disparitycan
be accounted.for byassum~ solutionof the boroncarbidein the
iron,a chemicalactionbetweenthe two basematerials,or a .
combinationof both solutionand chemicalaction.

The measured.valuesof densityof hot-pressedboron carbide
(tableII) are very closeto that of a singlecrystalof boron
carbide,which is 2.52gramsper milliliter(reference7).

The strength-density-ratioof boron carbideis comparedwith
thoseof severaltitaniumcarbide-baseceramalsin tableIII. The
valuespresentedshowthatthe boroncarbideceramalis superior
to the best titaniumcarbideceramalby a factorgreaterthentwo
at 2400°1?. The strength-densityratio is of importancewhen the
effectsof stressesinducesin rotatingpartsare considered.

Oxidation.- A comparisonof the resistanceto oxidationof
boron carbideand the boron carbide-ironceremalis shcnmin
tableIV. Both of thesematerials,in oxidizing,form a glassy
surfacecoatingof boron oxidethat sublimesa% the temperatures
of interest. The preoxidizingtreatment(24hr at 1600°l?)was
used to permitthe formationof the glassyphaseand allowthe
surfacesto reachequilibrium.Afterthis treatmentno changein
dimensionscouldbe measured. The rates of weightlosspresented
thereforerepresentthe combinedeffectsof oxideformationand
sublimationat equilibriumconditions.The coatingformedwas
very thinand duringlongexposuredid not becomethicker. ‘

-.

,.
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At 1600°1?the unitweightlossof the ceramicwas aboutone
and one-halftimesgreaterthanthat of the ceramal;however,at
2000°1?the unitweightlossof the ceramd was aboutsix times
that of the ceramic. This inferiorityof the ceramalat 2000°F
is probablycausedby reactionof the boronoxidewith the iron,
whichproduceda glassyphase-thatsublimedat a higherrate.
Neitherof the materialsis suitablefor use over longperiodsof
timea% temperaturesabove1600°F inan oxidizingatmosphere
withouta protectivecoating.

. .

CONCLUDINGRT3MRKS

The boroncarbide-ironceramalevaluatedin this investigation
had gooa strengthpropertiesat temperatmesup to 2600°l?. This
findingindicatesthat ceramalscontainingmaterialswhichform a
bondingphasehavinga highersoftenhg temperaturethan thatof
themetaIaaaitionmay possessdesirablestrengthpropertiesat
temperaturesapproachingthemeltingpointof the metal. A com-
parisonof the oxidationresistancesof the two materialsevaluated
showedthatthe resistanceof a ceramalmay be differentfrom that
of the cersnicconstituent.IX a ceramalhas uuriesirableoxida-
tion characteristics,however,it maybe usableproviMng a suit-
able coatingis appliea.

.
Iuasmuchas ceramalsapparentlyhave characteristicsthat

represent‘acompromisebetweenthe high strengthand poor thermal-
shockresistanceof the ceramicconstituentand the poor eleqted-
temperaturestrengthand good thermal-shockresistanceof the
metal constituent,preliminaryevaluationof a ceramalfor a spe-
cificapplicationshoulaconsiaerthe relativeimportanceof the
two characteristics.

SUMMARYOFlZ&3UlLTS

An investigationof boron carbiaeand
36-percent(byweight)ironana 64-percent
the followingresults:

of a ceramalcomprising
boroncarbiaeyielaed

Microscopicexaminationshowea.theceramalto be composedof
at leasttwo phases: boron carbiae,ami a solutionor chemical
combinationof ironand boron carbide. Cersmalscontainingmate.
rialsthatfo?ina bondingphasemay possessdesirablestrength
propertiesat temperaturesapproachingthemeltingpointof the
metal.

.
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The hot-yressedboron carbidewas superiorto the ceramalin
modulus-of-rupturestrength(50,300to 39,100lb/sqin. for the
cersmalat room temperature,and 28,900comparedwith 23,400lb/sq
in.for the cersnalat 2600°l?). The high pn?centageof room-
temyeraturestrengthretainedby the ceramalat 2600°T can be
attributedto thehigh strengthof the carbidenetwork,strength-
eningof the Ironby combinationwith some of the boron carbide,
or both. The ceramalwas suyeriorto the boroncarbidein resist-
ance to thermalshock. At 1600°F, the resistanceto oxidationof
the ceramzdwas betterthanthat of the ceramic;althoughboth
materialsoxidizedra~idlyat 2000°l?,the ceramicwas superior.
The yoor oxidationresistanceof the cersnalindicatedthat a
protectivecoatingwouldbe requiredfor continuedoperationabove
1600°F.

Densityof the ceramalva.riedfrom 3.17to 3.29gramsyer
milliliter.The low densityof the ceramalgivesit an additional
advantagewhen it is comparedwithmetalsor otherceramalson the
basis of strength-densityratio.

LewisFlightPropulsionLaboratory,
XationalAdvisoryCommitteefor Aeronautics,

Cleveland,Ohio,November17, 1949.
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TABLEI- MODTJL~Ol?RUXTUREOF BORONCARBIDE-IRON

CERAMALAT ROOMAND ELEVATED~S

;peciman Spl Measureddensi+qEvaluation
(in.) (@/ml) %emyerature

(%)

27BC6
29BC7
29BC7
29BC2
29BC1
291W6
29BC1O
29BC4
29)305
29BC3

-,

1
1
1
2.5
2.5
2.0
2.0
2.0
2.0
2.0

--------------- Room
3.29 Room
3.29 Room
3.18 1600
3.20 1600
3.27 2000
3.25 2000 .
3.26 2400
3.27 2400
3.17 2600

~Oadu~ Of
rupture
(1-b/sqin.)

38,100 -
39,100
30,900
31,000
32,600
32,000
27,400
28,600
25;10i
23,400

TABLEII - MODULUSOF RUPTUREOF HOT-I!RESSEDBORON

CARBIDEAT ROOM AND ELEVATED~S

pecima

9BC
9BC

4BC
6BC
2BC
7BC
3BC
8BC

=

Span Measureddensitg

1
1
2.5
2.5
2.5
2.5
2.5
2.5
2.5

2.51
2.51.
2.50
2.49
2.50
2.50
2.50
2.49
2.51

Evaluation
tem~rature

(%?)

Room
Room
1600
1600
2000
2000
2400
2400
2600

Modulusof
rupture
(1.b/sqin.]

50,300—
46,900
35,200
35>300
34,600
29,800
27,900
36,000
28,900

=@=’
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SZRENG~-D~S~ RKIUOSOF BORON (MRBIDE- AND .

TITANIUMCARBIDE-EWECERAMAIS

I Material
(nominalcoqosition

by weight)
.

64-percentboroncarbide
36-percent

90-gercerit
10-percent

90-percent
10-percent

iron

titaniumcarbide
molybdenum

titaniumcarbide
tungsten ~

95-percenttiixmimmcarbide
5-percentcobalt

80-percenttitaniumcarbide
120-percentcobalt
aDatafrom reference4, tal

{easurec

iensity
(-/ml)

3.26

a5● 12

‘5● 05

a5109

a5● 35

dodulus-of-
ruyture
strength
it240001?
[lb/sqin.)

28,600

a20,900

a19,000

a2,900

a2,400

2s IV, V, and 91.

Strength
iensity
ratioat
2400°1?

8773

4082

3762

570

449

TA13LElIV - COMPARISON0F1311SISTANCETO OXIDATIONOF

HOT-ERESSEDBORONCARBIDEAND BORON-CARBIDE

CERAMALCONTAININGIRON

Caqositioll
r

Boron carbide

Boron carbidecon-
tainingiron

Uhitweight10ss

w

I
1 1

. -. .——.— . . ..—— ——. ——.+——— . .-...——.- .—.—— —.—..—. .-—.
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-~’:”??5%:.:-... ---–. !!!ggj

C-”22891
2-9.49

Figuzw2. - APpamatuEused for evalualjiaof moiiulu of rqpture at rocm temperab.
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rE1.ectrlc cut-off SuMxh

19

~Counterbalanoed lever am

1/.. .
Defleotim scale

I-I ./”

Figure 3. - A-tus for-us-of-ruphuedetezm3nationat high teqmratuws.
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C-24880
12.13.49

Figure 4. - Photcadcqph of lmron o&rbide-ironceramxl2S037 sintemaat 3750°F for 1
how. Grayaxea,boroncarbide;whitearea,bondingphasej unetched. XLOOO.
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40,000
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c)

30,000 \
3

h
20,000

10,000 0 Hot-pressed boron carbide
•1Boron carbide ceramal containing iron

W
o 400 800 1200 1600 2000 2400 2800 ~

Temperature, %

Figure 5. - Variation of modulus of rupture with temperature.
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